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The goal of this study was to improve PhytoDOAS, which is a new retrieval method
for quantitative identification of major Phytoplankton Functional Types (PFTs) using
hyper-spectral satellite data. PhytoDOAS is an extension of the Differential Opti-
cal Absorption Spectroscopy (DOAS, a method for detection of atmospheric trace5
gases), developed for remote identification of oceanic phytoplankton groups. Thus
far, PhytoDOAS has been successfully exploited to identify cyanobacteria and diatoms
over the global ocean from SCIAMACHY (SCanning Imaging Absorption spectroMeter
for Atmospheric CartograpHY) hyper-spectral data. The main challenge for retriev-
ing more PFTs by PhytoDOAS is to overcome the correlation effects between different10
PFTs’ absorption spectra. Different PFTs are composed of different types and amounts
of pigments, but also have pigments in common, e.g., chl-a, causing correlation effects
in the usual performance of the PhytoDOAS retrieval. Two ideas have been imple-
mented to improve PhytoDOAS for the PFT retrieval of more phytoplankton groups.
Firstly, using the fourth-derivative spectroscopy, the peak positions of the main pig-15
ment components in each absorption spectrum have been derived. After comparing
the corresponding results of major PFTs, the optimized fit-window for the PhytoDOAS
retrieval of each PFT was determined. Secondly, based on the results from deriva-
tive spectroscopy, simultaneous fit of PhytoDOAS has been proposed and tested for
a selected set of PFTs (coccolithophores, diatoms and dinoflagllates) within an opti-20
mized fit-window. The method was then applied to the processing of SCIAMACHY
data over the year 2005. Comparisons of the PhytoDOAS PFT retrievals in 2005 with
the modeled PFT data from the NASA Ocean Biochemical Model (NOBM) showed sim-
ilar patterns in their seasonal distributions for diatoms and coccolithophores, especially
in the northern parts of the global ocean. The seasonal patterns of the PhytoDOAS25
coccolithophores indicated very good agreement with the global distributions of Par-
ticulate Inorganic Carbon (PIC) provided by MODIS (MODerate resolution Imaging






















abundance of coccolithophores (in open ocean), the latter agreement indicates the
basic functionality of the method in retrieving coccolithophores. Moreover, as a case
study, the simultaneous mode of PhytoDOAS has been applied to SCIAMACHY data
for detecting a coccolithophore bloom around New Zealand (reported by NASA from
MODIS imagery in December 2009); the result was quite consistent with the MODIS5
RGB image and the MODIS PIC map of the bloom, indicating the functionality of the
method in short-term retrievals.
1 Introduction
Marine phytoplankton play an important role in the marine ecosystems as the basis
of the ocean food chain. Phytoplankton are the main oceanic primary producers and10
have major contribution to the global carbon cycle by acting as a biological pump for
carbon in the ocean (Raven and Falkowski, 1999). Via photosynthesis dissolved car-
bon dioxide is taken up and released as organic carbon to ocean environment, where
it can sink down directly or indirectly through other trophic levels to the ocean floor,
or just be recycled in the upper ocean. The most suitable approach to monitor the15
global distribution of marine phytoplankton and to estimate their total biomass is the
use of satellite data (e.g., Platt and Sathyendranath, 1988), which corresponds to the
field of ocean-color remote sensing. Using ocean-color sensors, long-term records of
aquatic parameters are provided remotely on a global scale, which have different appli-
cations (McClain, 2009), e.g., to improve the understanding of ocean biogeochemistry20
and marine ecosystem dynamics; to assess fisheries productivity and the distribution
of harmful algal blooms; and to be used as input data for ocean modeling. In retrieving
phytoplankton biomass, most bio-optical ocean-color algorithms (e.g., O’Reilly et al.,
1998), derive the concentration of chlorophyll-a, (chl-a). The reason is that chl-a is
a common photosynthetic pigment among all phytoplankton species (Kirk, 1994), and25
therefore is generally used as the measure of phytoplankton biomass (Falkowski et al.,






















types, PFTs, has also been of interest through several distinct attempts, because of
the specific biogeochemical impact of different phytoplankton groups (see summary
by Nair et al., 2008). These attempts have been done for several purposes, from
space-borne detection of harmful algal blooms (Millie et al., 1997) and global-scale
mapping of dominant phytoplankton groups (Alvain et al., 2005) to the improvement of5
the accuracy of satellite-derived chl-a in waters with multiple dominating phytoplankton
populations (Morel, 1997; Sathyendranath et al., 2004; Aiken et al., 2008). As major
ocean color methods rely completely or partly on empirical approaches (e.g., the global
method of OC4V4 by O’Reilly et al., 2000 or regionally improved methods such as Ar-
rigo et al., 1998), most studies to derive PFTs from space are also connected to these10
algorithm principles, which relate satellite remote-sensing reflectance (Rrs) to in-situ
geophysical parameters. Using additional sets of in-situ data, including regional distri-
butions of PFTs and optical parameters, these studies connect the changes observed
in optical parameters to the variations measured in pigment compositions, cell size and
phytoplankton populations (Alvain et al., 2005, 2008; Aiken et al., 2007). Some studies15
have suggested the application of a regionally parameterized algorithm instead of the
universal retrieval algorithm (Sathyendranath et al., 2004).
Nevertheless, the fact that all these attempts are more or less dependent on large
sets of a-priori in-situ measurements has motivated the development of an alterna-
tive method in this field, called PhytoDOAS (Bracher et al., 2009), which is essentially20
different from the well-known ocean-color algorithms and uses the whole spectral in-
formation on a large wavelength range, instead of using just a few wavelength bands
reflectance data. Using this method, global distribution of two major PFTs, diatoms and
cyanobacteria, have been quantitatively derived by Bracher et al. (2009) from the data
provided by SCIAMACHY, a hyper-spectral satellite sensor on-board ENVISAT. The25
study presented here is dedicated to improving the PhytoDOAS method in order to dis-
criminate more PFTs from SCIAMACHY data. PhytoDOAS as an extension of Differ-
ential Optical Absorption Spectroscopy, DOAS (Perner and Platt, 1979), to the aquatic






















major PFTs in order to discriminate between them. Distinguishing fine spectral differ-
ences in absorption effects of different PFTs over a wide wavelength range requires to
utilize a hyper-spectral sensor. However, contrary to the distinctive spectral behaviors
in absorption spectra of atmospheric trace gases – which make them fairly straight-
forward targets to be discriminated by DOAS –, absorption spectra of phytoplankton5
species contain strong spectral correlation in any operating wavelength window. This
fact is a challenge in the retrieval of phytoplankton functional types by this method.
Therefore, in this study solutions to this challenge are discussed. The resulting maps
corresponding to these approaches, showing the global distribution and seasonal vari-
ation of two other PFTs, i.e., Emiliania huxleyi (E. huxleyi) and dinoflagellates, are10
presented.
2 Material and methods
2.1 From DOAS to PhytoDOAS
PhytoDOAS, the retrieval method to derive the quantitative distribution of various phy-
toplankton groups, is an extension of DOAS (Perner and Platt, 1979) from the atmo-15
spheric domain into the aquatic media. DOAS expands the Beer-Lambert law to all
possible interactions between light and all atmospheric optical components. There-
fore, it contains all extinction impacts of the atmosphere, including the absorption and
scattering by trace gases (scattering is negligible) and scattering of the air molecules,
as Rayleigh and Mie scattering. The extension of the original form of Beer-Lambert20









with I(λ) and I0(λ) being the measured intensities for the incident and the transmit-






















cross-sections [cm2mol−1] of the i th species, accounting together for the extinction
cross-section; ni as the number density of the i th species [molm
−3]; L as the length
total light-path and λ as the wavelength. Here the positive dimensionless argument of
the exponential function, L
∑N
i=0(ai (λ)+si (λ))ni , is called the optical depth (or the opti-
cal thickness) of the medium, mostly denoted by τ. Now, to modify this equation for the5
atmospheric applications, Rayleigh and Mie scattering of the air molecules have to be
taken into account. By implementing the above points into Eq. (1) and integrating over











where ds is the light-path differential element; σR(λ) and σM(λ) are the scattering cross-
sections assigned to Rayleigh and Mie scattering, respectively; ρR(s) and ρM(s) are the
number densities associated with Rayleigh and Mie scattering in the atmosphere. Thus
the last two terms in Eq. (2) correspond to the Rayleigh and Mie extinction coefficients.
As another modification, the absorption contributions of different trace gases have been15
added into Eq. (1) via a summation term,
∑N
i=0σi (λ)ρi (s), which is a valid treatment as
long as the atmosphere is optically thin, i.e., τ1. Each trace gas in Eq. (2) has an
absorption cross-section of σi (λ) and a number-density of ρi (s).
If the absorption cross-sections do not vary along the light-path, the total amount of
the absorber per unit area integrated along the light-path through the atmosphere can20



































with SCi being the slant column density of the i th trace gas; and SC
R and SCM being
the slant column densities of Rayleigh and Mie scattering, respectively. The absorption5
cross-section for any specific species can be split into two components, one slowly-
varying with wavelength, σsi (λ), and the other rapidly-varying, σ
′







These two spectral components can be calculated through several separation tech-10
niques, e.g., subtraction of a fitted polynomial, which is equivalent to the high-pass
filtering. As shown in Fig. 1, by subtracting a low-order polynomial, the slowly-varying
spectral component can be removed, resulting in the differential cross-section. The
separation of cross-sections, is implemented in Eq. (4), to split the right-hand side of
the equation into rapidly-varying and slowly-varying parts. Meanwhile, the fact that the15
scattering efficiencies of Rayleigh and Mie scattering exhibit slow-varying dependence
with wavelength (as follows):
σR(λ)∝ λ−4 (6)






















implies that the last two terms in Eq. (4), corresponding Rayleigh and Mie scattering,


































This is the basic equation to establish the DOAS retrieval method. The radiation spec-
tra, I0 and I , are measured by the satellite sensor (or ground-based instruments) and10
the absorption cross-sections of trace gases, σi (λ), are measured in the laboratory
and then their differential parts are extracted. The least square optimization method is
used to fit the parameters assigned to the slant column densities, SCi and the polyno-
mial coefficients, bp. The main underlying idea in this optimization approach is to fit the
parameters SCi and bp, in accordance with the demand of minimizing the residuals.15
































Here, to incorporate the main atmospheric constituents, a new term, Srρ
′(λ), has been
added into the equation, accounting for the spectral impact of the Ring effect. The
Ring effect is the inelastic scattering of air molecules associated with the rotational
Raman scattering. As the rotational Raman scattering has a filling-in impact on the
Fraunhofer lines in the UV-visible range (Bussemer, 1993; Burrows et al., 1995), it5
must be accounted for in the DOAS equation to compensate its weakening impact onto
the measured absorption lines (Vountas et al., 1998, 2007; Wagner et al., 2001) and
correcting the absorption lines of trace gases within the overlapping bands with the
Ring spectral domain. Therefore, within the DOAS equation (Eq. 10), the impact of
the Ring effect is referred to as a pseudo-absorber. To incorporate the Ring effect into10
the DOAS retrieval, a unitless spectral reference of the Ring, ρ(λ), has been computed
from a method developed by Vountas et al. (1998), based on modeling of radiative
transfer. In the above equation, ρ′(λ) corresponds to the differential part of the Ring
spectrum. The associated coefficient within the term of the Ring effect, i.e., Sr, is called
the Ring fit-factor, which is unitless like the spectral signature of the Ring effect.15
PhytoDOAS was born, when the DOAS method was applied for retrieving oceanic
phytoplankton, as the living light-absorber particles of the water medium. The underly-
ing idea is that the backscattered light from the ocean into the atmosphere (and hence,
to the satellite sensor), carries some information from water and its optical constituents.
The method was established by Vountas et al. (2007) for remote identification of total20
phytoplankton chl-a and then improved by Bracher et al. (2009) to identify diatoms and
cyanobacteria in case-I waters using hyper-spectral satellite data. Such an extension
demands the incorporation of all optical components of the sea water into the DOAS
equation, based on a prior knowledge of the optical behavior of the main constituents.
In addition to phytoplankton, the main optical components of case-I waters, the target25
area of the method, are CDOM (colored dissolved organic matter), non-algal particu-
lates, absorption of water molecules (Gordon et al., 1975; Kirk, 1994) and Vibrational
Raman Scattering (VRS) of liquid water, which is an inelastic scattering effect of water






















Both absorption and scattering of CDOM have a spectrally smooth behavior (Bricaud
et al., 1981; Carder et al., 1989), which leads them to be covered in the DOAS equation
by the fitted polynomial. The same condition governs the absorption and scattering of
the non-algal particulates (Allali et al., 1995; Mitchell et al., 2003). The absorption ef-
fect of water molecules can be regarded as a fixed spectral background, which can be5
removed from the main DOAS fit by an initial run of the method over a phytoplankton-
depleted oceanic region, so-called hyper-oligotrophic water ; this initial run will remove
some instrumental artifacts as well. According to Vountas et al. (2003, 2007) backscat-
ter radiation detected by SCIAMACHY sensor carries the spectral footprint of inelastic
scattering, VRS, of water molecules. The spectral impact was quantitatively shown us-10
ing the DOAS method, by embedding the spectral signature of VRS, v(λ) as a pseudo-
absorber, into the DOAS equation (Eq. 10). It was shown in Vountas et al. (2007) that
there is a strong relation between VRS and light-penetration depth, suggesting the for-
mer to be used as a proxy for quantitative estimation of the latter. Therefore, to extend
the DOAS for retrieving chl-a concentration of a PFT, the VRS reference spectrum must15
be in parallel fitted (as a pseudo-absorber) in the UV range, which is used later for com-
puting the light-penetration depth for each satellite ground pixel. Finally, to extend the
DOAS equation into the aquatic medium, the absorption spectrum of target PFT has to
be considered. Now, embedding the two new terms representing the PFT absorption













with a′(λ) being the differential part of specific absorption spectrum of target PFT (ab-






















in [m2 (mg chl-a)−1]; Sa being the fit-factor of the PFT absorption spectrum in [mg chl-
am−2]; v ′(λ) being the differential part of the VRS spectrum, which was obtained
from a reflectance model developed by Vountas et al. (2003), originally proposed by
Sathyendranath and Platt (1998); and Sv being the fit-factor assigned to the VRS spec-
trum. It must be noted that since a′(λ) is not an absorption cross-section, the absorp-5
tion fit-factor, Sa, has a different interpretation than in slant-column density. The PFT
absorption fit-factor implies the mass per unit area of chl-a pigment assigned to the
target PFT along the light-path. However, as the spectral signature of VRS is unitless
(Vountas et al., 2007), the VRS fit-factor, Sv, is unitless as well, similar to the fit-factor
of the other pseudo-absorber, i.e., of the Ring spectrum.10
The main outputs of PhytoDOAS are Sa and Sv, which are retrieved independently
through two separate fit processes. Since VRS spectral features are weak in the visible,
whereas the absorption features of PFTs are fitted in visible, the second fit is done for
evaluating the VRS fit-factor in UV range, which is then extrapolated to the visible
(Bartlett et al., 1998; Vountas et al., 2003, 2007).15
Regarding the PhytoDOAS equation (Eq. 11), three sets of input data are needed to
perform this method, being as follows: (1) satellite measurements, i.e., extraterrestrial
solar irradiace, I0(λ), and Earth’s backscattered radiation, I(λ), both measured by the
satellite sensor at the top of the atmosphere, to be embedded into the optical depth,
through τ(λ)= ln I0(λ)I(λ) ; (2) atmospheric spectra, i.e., absorption cross-sections of water20
vapor, trace gases and spectral signature of the Ring effect; and (3) aquatic spectra,
i.e., specific absorption spectrum of the PFT and the spectral signature of VRS. As
a recent improvement to PhytoDOAS, presented in this study, instead of just a single
PFT target, three selected PFT targets are fitted simultaneously. This new approach is
referred to as multi-target fit in this study (see Sect. 2.4). Accordingly, to incorporate25
the multi-target fit in PhytoDOAS, the term of PFT absorption in Eq. (11), i.e., a′(λ)Sa,
must be replaced by a multiple term containing the absorption spectra of the selected




j (λ)Saj , a certain absorption fit-factor





































Vountas et al. (2007) showed that the light-penetration depth, δ, can be determined
using the VRS fit-factor. For water molecules, a single event of elastic scattering is5
always accompanied by an inelastic scattering of VRS. Therefore, the VRS fit-factor,
Sv, is directly related to the same quantity of elastic scattering of water molecules,
which is described by the backscattering coefficient, bb. The quantitative dependence
was previously extracted in Vountas et al. (2003) using a bio-optical model from Morel
(1988), stating that the backscattering coefficient scaled by VRS fit-factor, Sv, can be10
regarded as the true value of bb in the observed situation. Therefore, as b
−1
b is the
modeled light-penetration depth, Sv ·b−1b will be the equivalent observed quantity. Here,
the light-penetration depth, denoted by δ, refers to the depth of the remotely observed
water column, up to which the signal can be received by satellite sensor. However,
since δ is wavelength-dependent, an average value of it over the used wavelength15
band is computed for each ground pixel.
As explained in Vountas et al. (2007) and Bracher et al. (2009), the chl-a concen-
tration of the target PFT can be estimated from the PFT absorption fit-factor, Sa, de-
termined via PhytoDOAS. This is done for all ground pixels through dividing Sa by the



























In PhytoDOAS (as in DOAS), the overall Chi-square value, χ2, is used as a scalar
indicator of the total fit-quality. Furthermore, the fit spectrum of the retrieval target
is compared with its original spectrum for each oceanic pixel to check the fit-quality.
However, as in any other retrieval method, the most reliable approach to investigate
the quality of PhytoDOAS retrieval is the validation with high quality in-situ PFT data.5
2.2 Satellite data
As mentioned before, due to spectral correlation of phytoplankton absorption features,
satellite data used in PhytoDOAS must be highly spectrally resolved. To meet this
requirement, data measured by the satellite sensor SCIAMACHY (SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY), which is on board ENVISAT10
(ENVIronmental SATellite of European Space Agency, ESA) launched in 2002, are
used in this study. SCIAMACHY, originally designed for atmospheric measurements,
covers a wide wavelength range (from 240nm to 2380nm in eight channels), which
makes it an ideal sensor for the detection of aerosols and clouds, as well as being suit-
able for several retrieval methods of trace gases. Beside the large wavelength range,15
covering UV/Visible/NIR, this sensor can observe an air volume from three different
viewing angles (nadir, limb and sun/moon occultation), leading to precise atmospheric
data on vertical column densities and profile information. Furthermore, the instrument
benefits from a relatively high spectral resolution, ranging from 0.2 nm to 1.5 nm for its
scanning channels over the range 240nm to 1700 nm, and also selected regions be-20
tween 2000 nm and 2400nm (Bovensmann et al., 1999). In this study, the SCIAMACHY
data in UV and visible regions, from nadir-viewing geometry with a spectral resolution
of 0.24 nm to 0.48 nm, have been used. These data correspond to backscatter solar
radiation from the Earth’s surface, with the spatial resolution of about 30 km×60 km,
which defines the pixel-size in this wavelength region. Each ground pixel data is asso-25
ciated with a direct measurement of solar radiation at the top of the atmosphere in the






















I0 (see Eq. 9). Within PhytoDOAS, SCIAMACHY data are used in the two following
steps: first, SCIAMACHY visible data are used to fit the absorption spectrum of target
PFT within the wavelength range of 429 nm to 495 nm in the study by Bracher et al.
(2009) and extended up to 521 nm in this study, leading to PFT absorption fit-factors;
secondly, SCIAMACHY data from 340 to 385 nm are exploited to fit the VRS spec-5
tral signature of water molecules, leading to the VRS fit-factors, which are necessary
for the calculation of the light-penetration depth for each oceanic pixel (see previous
section).
Moreover, MODerate resolution Imaging Spectroradiometer (MODIS)-Aqua level-3
products were used to obtain the seasonal composites of Particulate Inorganic Carbon10
(PIC) in a 9 km grid during spring and summer 2005 (The MODIS algorithm for PIC
has been described in Balch et al., 2005). Since coccolithophores are the main plank-
tonic producer of calcium carbonate, suspended PIC in open ocean is an indicator of
coccolithophores (Balch et al., 2005), the PhytoDOAS retrievals of coccolithophores
was compared to the global distribution of PIC. For the same reason, in detection of15
a certain coccolithophore bloom as a case study, a weekly composite of MODIS-Aqua
PIC (in December 2009) has been used to test the respecting result of PhytoDOAS.
2.3 Spectral data
In addition to hyper-spectral satellite radiation measurements, the PhytoDOAS retrieval
requires reference spectra of atmospheric and oceanic species. For atmospheric spec-20
tra, absorption cross-sections of ozone, NO2, glyoxal or OCHCHO, iodine oxide, O4,
water vapor and the Ring effect (as a pseudo-absorber spectrum) are fitted, using the
same spectra as were taken in Bracher et al. (2009).
The second set of input parameters includes the spectral signature of VRS, obtained
through a modeling approach (Vountas et al., 2003, 2007) and the absorption spec-25
tra of PFTs. It must be mentioned that as E. huxleyi is the dominant species of the
coccolithophores, it has been used in this study as the spectral indicator of this PFT






















an E. huxleyi culture and a natural sample, where the group of dinoflagellates domi-
nated. Both samples were measured with a point-source integrating-cavity absorption
meter, so-called PSICAM (Roettgers et al., 2007). Total chl-a concentrations of the E.
huxleyi culture and of all pigments for the natural dinoflagellate sample were obtained
from high-performance liquid chromatography (HPLC) following the method described5
by Hoffmann et al. (2006). The dinoflagellate dominated sample was taken during the
OOMPH field experiment (Organics over the Ocean Modifying Particles in both Hemi-
spheres) with RV Marion Dufresne on 2 February 2007, at 59.88◦W and 46.01◦ S,
within a dinoflagellate bloom. Performing the CHEMTAX analysis (Mackey et al., 1996)
on the HPLC data of the natural sample, the chl-a concentrations of all containing phy-10
toplankton groups were calculated, which indicated a contribution over 92% for the
dinoflagellates. The rest of the sample consisted of 5% pelagophyceae and less than
3% of prasinophyceae (further details in Yassaa et al., 2008). To derive the specific ab-
sorption spectra of each phytoplankton group, each absorption spectrum was divided
by the corresponding chl-a concentration (normalization). Additionally, as the third phy-15
toplankton reference spectrum, the absorption spectrum of diatoms was acquired from
the in-situ measurements conducted during a cross-Atlantic research cruise. The pro-
cess to reach the specific absorption spectrum of diatoms was the same as the one
explained for dinoflagellates (for details see Bracher et al., 2009).
Figure 2 (left panel) shows the specific absorption spectra of the three PFTs used20
as the retrieval targets in this study, i.e., for E. huxleyi, dinoflagellates and diatoms.
From these measured spectra, the corresponding differential absorption spectra have
been derived, based on the separation approach described in the method section (see
Sect. 2.1). The differential absorption spectra for the selected phytoplankton targets
are depicted in the right panel.25
2.4 Improvements to PhytoDOAS: challenges and approaches
Following the method by Bracher et al. (2009), besides cyanobacteria and diatoms,






















Nevertheless, there are some challenges to be overcome in order to improve
PhytoDOAS to be a reliable retrieval tool for other PFTs (or dominant species). The
main challenge is the spectral correlation between absorption spectra of different phyto-
plankton targets, which arises from their common photosynthetic pigments and causes
in turn difficulties to distinguish different groups remotely. In this study, several ap-5
proaches have been applied to overcome the correlation found among typical PFTs’
absorption spectra. Firstly, investigations proved that fitting several PFTs’ spectral tar-
gets simultaneously, within an appropriate fit-window, leads to higher fit-quality as com-
pared to fit only one PFT spectrum at the time. This approach, called as multi-target
fit, results in significantly lower values for the absorption fit-factors of each target, com-10
pared to the usual approach of single-target fit. This is of importance, because high
fit-factors in PhytoDOAS lead to an overestimation of the PFT concentration. This can
be explained by the fact that when three (or more) PFT targets are ı¨tted simultaneously,
the phytoplankton spectral input of the PhytoDOAS equation becomes bio-optically
more realistic; i.e., in this case PhytoDOAS accounts for more optical components of15
the ocean water, which usually contains simultaneously several types of phytoplank-
ton species. Comparably, when we omit some trace gases from our DOAS retrieval,
the retrieval results of the others are affected. Figure 3 shows different fit-factor re-
sults obtained for E. huxleyi by following single-target fit and triple-target fit modes of
PhytoDOAS (the triple-target fit includes E. huxleyi together with diatoms and dinoflag-20
ellates). The triple-target fit results (Fig. 3 lower panel) are characterized by lower val-
ues of fit-factors, almost over the whole global ocean, as compared to the single-target
fit results (Fig. 3 upper panel). This is in a better agreement with the coccolithophore
chl-a data achieved by the NASA Ocean Biochemical Model, NOBM (Gregg et al.,
2003; Gregg and Casey, 2007). Moreover, the results are also verified by looking at25
the fit residuals, as a measure of the fit-quality, represented by the average value of
Chi-square (χ2) for all accounting pixels. Since the lower residual corresponds to the
more reliable fit, the lower average of χ2 values in the triple-target fits, compared to






















maps shown in Fig. 3, the average χ2 values for the triple-target and single-target fits
are 0.00039 and 0.00052, respectively (see also the comparison of overall residuals in
Fig. 5).
However, due to the limitations imposed by the spectral correlation, it is necessary
to determine and optimize some factors when running a multi-target fit, in order to5
receive an acceptable fit-quality: the retrieval should be optimized by identifying how
many PFT targets, in which combination and within which wavelength window are fitted
simultaneously. Various methods have been used to investigate the fit-quality in each
tested option as follows:
1. Comparison of the overall averaged Chi-square values of the different fit results.10
2. Comparison of the fit absorption spectra with the input spectra for selective pixels.
3. Comparison with the available high quality in-situ measurements.
The last option is the most reliable criterion to check the results’ fit-quality, but it could
not always be followed. Reasons for that are the too limited availability of in-situ data
with a global distribution of major PFTs and also the difficulties associated with the co-15
location (matching) of satellite ground pixels to the existing in-situ data due to the large
pixel size. As an initial step to validate our PFT retrieval results, we compare our PFTs’
retrieval results to the NOBM modeled data of PFTs’ global distribution (see Sect. 3.2).
As a complementary approach, the spectral behavior of PFTs’ absorption spectra
have been investigated in more detail, using fourth-derivative spectroscopy (accord-20
ing to Aguirre-Gomez et al., 2001), which is a well-known method in spectral studies
of phytoplankton species. The core concept here is as follows: in the forth-derivative
curve of a given absorption spectrum, each peak corresponds to the maximum absorp-
tion for a specific pigment at the same wavelength position. Therefore, the distribution
of peak positions in a forth-derivative curve is an indicator of pigment composition for25
that PFT. Figure 4 shows the fourth derivative curves for the absorption spectra of






















The fourth-derivative method can be used to identify tiny differences in PFTs’ spectral
behavior. This is helpful to avoid spectral correlations between different phytoplankton
targets and to find the appropriate wavelength window to fit them simultaneously. As
shown in Fig. 4, there is a spectral difference between target spectra in the interval from
495nm to 521 nm, especially between diatoms and E. huxleyi, for which the spectral5
behavior are more alike in the wavelengths below 495nm. Practically, in the simultane-
ous PhytoDOAS fit, the spectral differences seen in the fourth derivative curves have
been used (as one criterion) to select the set of PFT targets, i. e., the proper combi-
nation of PFTs, and also to specify the wavelength range of the actual fit-window. This
explains why in this study a wider fit-window (429 nm to 521 nm) has been used than10
in Bracher et al. (2009), which was from 429nm to 495nm.
All together, it was determined so far that among all tested options of PhytoDOAS
multi-target fit (which was previously shown to have better result than single-target
fit), following configuration leads to the best fit-quality: the PhytoDOAS triple-target
fit containing absorption spectra of diatoms, dinoflagellates and E. huxleyi over the15
wavelength window of 429 nm to 521nm.
Figure 5 compares the fit-quality of PhytoDOAS retrieval when being performed in
single-target fit mode and in multi-target mode, using the overall fit residuals. It can be
seen that the overall residual for the single-target fit (diatoms; in red), almost over the
whole fit-window, is higher than for the triple-target fit (diatoms, dinoflagellates and E.20
huxleyi ; in green). Furthermore, regarding the DOAS method, this figure also shows
that when spectral contribution of phytoplankton absorption is taken into account by
DOAS retrieval (over the ocean), the fit-quality will be clearly better; this can be inferred























3 Results and discussion
3.1 Monthly averages by multi-target fit
In this section the results of using PhytoDOAS to retrieve E. huxleyi and dinoflagel-
lates from SCIAMACHY data 2005 are presented as monthly averages of global chl-a
distributions. The results were obtained by conducting the triple-target fit mode of5
PhytoDOAS, with diatoms, E. huxleyi and dinoflagellates absorption spectra as the
input PFT targets over the wavelength range of 429–521 nm. In this configuration the
average value of the overall Chi-square was minimal and fit spectra in selected oceanic
pixels were in good agreement with the original PFTs’ absorption spectra. Figures 6
and 7 show the monthly averaged global distribution of chl-a for E. huxleyi and dinoflag-10
ellates using SCIAMACHY data from March and October 2005.
In each set of these figures, there are clear differences in the distribution of chl-a for
these two PFT targets. For example, Fig. 6 (March 2005) E. huxleyi shows high chl-a
in the north of the Polar Front and elevated chl-a in parts of the tropics and subtropics,
while dinoflagellates shows elevated chl-a in the North Atlantic and the North Pacific,15
where E. huxleyi chl-a is much lower. Furthermore, the temporal variation of patterns
for each PFT over the year can be seen by comparing these two sets of chl-a maps.
For instance, in October, compared to March 2005, averaged chl-a of E. huxleyi is still
high in the north of the Polar Front, while now also the North Atlantic and the North
Pacific show high values, which might be explained by the pronounced seasonal cycle20
of this species in the north. For dinoflagellates in October 2005, chl-a is lower in the
northern mid and high latitudes as compared to March, whereas it is vice versa for the
southern mid and high latitudes. However, it is present in the south in early spring.
3.2 Comparison with modeled data: seasonal averages
In Figs. 8 and 9 the seasonal averages of global distributions of the PhytoDOAS25






















corresponding to coccolithophores: the NOBMmodeled data of coccolithophores (mid-
dle panels) and the MODIS-Aqua PIC concentration (lower panels). The maps shown
in Fig. 8 correspond to the northern spring (April/May/June) and the maps in Fig. 9
correspond to the northern summer (July/August/September) 2005. The PhytoDOAS
results, illustrated as chl-a conc., have been retrieved via triple-target fit from SCIA-5
MACHY data. In the PhytoDOAS fit process E. huxleyi, the globally dominant species
of coccolithophores, was fitted together with diatoms and dinoflagellates within the
fit-window of 429–521nm. The coccolithophore modeled data, presented as chl-a
conc., were acquired from the NASA Ocean Biochemical Model (NOBM), which pro-
vides time-series of PFT assimilated data. The PIC data were provided by seasonal10
composites of the MODIS-Aqua level-3 products, presented as conc. of the suspended
CaCO3 [molm
−3].
As shown in Figs. 8 and 9, the seasonal distribution patterns of the PhytoDOAS
coccolithophores (upper panels) have very good agreement with the PIC distributions
(upper panels) in both figures, corresponding to spring 2005 and summer 2005, re-15
spectively. The similar patterns for enhanced coccolithophores and PIC not only can be
seen on the large scales, e.g., in the North Atlantic, the North Pacific, the belt-like area
between the Subtropical Front and the northern parts of Sub-Antarctic Front (in spring
2005), but also are visible on the regional scales, e.g., in the Bering Sea, the Labrador
Sea, northern part of the Arabian Sea (in spring 2005), the Arafura Sea (as well as in20
the Gulf of Carpentaria) and even in the Mediterranean Sea and the Caspian Sea. Nev-
ertheless, the elevated values of the PhytoDOAS coccolithophores in the Mid-Pacific
(upper panels in Figs. 8 and 9) can not be seen well in the PIC maps (lower panels),
both in spring and summer 2005. Moreover, the elevated values of the PhytoDOAS
coccolithophores in the southern parts of the Subtropical Front in summer 2005 (upper25
panel in Fig. 9) is not as pronounced in the respecting PIC map (lower panel in Fig. 9).
Since PIC is known to be a reliable proxy of the abundance of coccolithophores in case
I waters Balch et al. (2005), the similar patterns mentioned above imply the function-






















the precise validity test should be done by converting the PIC concentration into the
concentration of the living coccolithophore cells, which involves some complexities.
The main complexity is arising from the simultaneous existence of the suspended
coccoliths (calcite plates detached from coccolithophores), associated with other fac-
tors, e.g., different amounts of CaCO3 existing in each specific type of coccolith plate5
Balch et al. (2005); different numbers of coccoliths assigned to different species of coc-
colithophores; etc. Regarding this limitation, other comparisons were conducted using
the coccolithophore modeled data provided by NOBM, which are shown in the middle
panels of Figs. 8 and 9. Here the distributions of coccolithophores from PhytoDOAS
and NOBM indicate similar patterns in the North Atlantic, east of Australia (northern10
parts of the Tasman Sea), the Mid-Pacific (partly), the tropical regions of the South-
Atlantic near South-America (partly), the south-east waters of Africa (more pronounced
in spring) and also partly in the western parts of the Mid-Indian Ocean (eastern coast
of Africa). Nevertheless, there are also some regions, where the retrieved and model
results look totally different. For example, in both sets of figures (spring and summer)15
the retrieval results suggest high chl-a over the North Pacific, while model results show
almost nothing in this regions. The same feature can be seen partially in the high lati-
tudes of the Southern Hemisphere and also in the western part of the South America
in the Pacific Ocean.
The retrieval results of diatoms via triple-target fit have also very similar distributions20
as compared to the ones, which had been achieved before in Bracher et al. (2009)
using the single-target mode of PhytoDOAS within the fit-window of 429–495 nm. The
minor differences can be assigned to the widening of the fit-window up to 521 nm and
also to the fact that two more PFT spectral targets have been added into the fit. It
seems that the increasing effect of the wider fit-window is compensated by the de-25
creasing effect of the simultaneous fit. As an example of the PhytoDOAS retrieval of
diatoms in triple-target mode, the seasonal average of retrieved diatom chl-a is shown
in Fig. 10 (upper panel), where it is compared by a diatom chl-a map computed by






















figure, in most regions (e.g., the North Atlantic, the North Pacific, the South Atlantic and
the South Pacific) there is good agreement between the retrieval result and the mod-
eled data, though the comparison is not possible in very high latitudes in the South,
where SCHIAMACHY has no coverage.
Regarding the usual uncertainties and roughnesses associated with the current5
models of PFTs’ global distributions, it can not be expected that the PFT modeled
data would provide a reliable source for PFT comparisons and validity-tests. How-
ever, due to the shortage of PFT in-situ data for a global comparison, and also the
possible limitations in collocating the available in-situ data with satellite ground pix-
els (as in SCIAMACHY, which has a coarse spatial resolution), the modeled data can10
be used as a preliminary test. In this sense, the agreements shown above between
the PhytoDOAS retrieval and the NOBM modeled data is regarded only as an initial
approval of the method functionality, demanding more investigation with all available
PFT sources. In case of diatoms the PhytoDOAS retrievals had been previously vali-
dated by in-situ data in Bracher et al. (2009); and for the retrieved coccolithophores, as15
discussed before, comparison with the PIC distribution provides an intermediate test,
indicating very good agreement in seasonal patterns (Figs. 8 and 9).
3.3 Bloom detection by PhytoDOAS
As mentioned above, since the availability of in-situ data of the PFTs’ distributions in
global scale is low (or their collocation adaptability is difficult), phytoplankton blooms20
could provide us the opportunity to test our retrieval method under realistic conditions.
However, the available data of these bloom events are mostly qualitative, like satellite
RGB images of coccolithophore blooms, making them not being sufficient for a quanti-
tative comparison.
Figure 11 shows an sample case study of detecting a phytoplankton bloom using25
PhytoDOAS. It corresponds to a coccolithophore bloom over Chatham Rise (South
Pacific, east side of New Zealand), reported by NASA on 23 December 2009 (upper






















of Fig. 11. It was obtained from two weeks data of SCIAMACHY (centered at 23 De-
cember 2009) via triple target fit within the fit-window of 429–521 nm. The retrieval
result of the bloom has also been compared to the PIC distribution over that region
(lower panel in Fig. 11), which was prepared as a 8-day composite (19–26 December
2009) from MODIS-Aqua level-3 products. As shown in Fig. 11 the bloom is also visi-5
ble in the PhytoDOAS retrieval as well as in the MODIS-Aqua PIC result. However, the
pattern of the bloom in PhytoDOAS is not completely the same as in the MODIS RGB
image and the MODIS PIC map. The main reason for this difference is the different
time frames operated for detection of this bloom: while the MODIS true-color image is
an instantaneous picture, the PhytoDOAS result is a map of averaged chl-a retrieved10
from two weeks data. Only few SCIAMACHY orbits cross this small region at one day,
among which a large fraction of attaining pixels are flagged out due to the sensitivity
of the retrieval to cloud contamination. The cloud contamination is also the reason for
missing a lot of pixels in the eastern parts, where is almost blank in the respecting map.
However, the choice of using a two-week time frame for the retrieval has been relying15
on the fact that a typical coccolithophore bloom lasts a few days, not just one day and
therefore, both in the PhytoDOAS map and in the PIC map (with an an eight-day time
frame) the bloom is observable pronouncedly. On the other hand by using a wider time-
frame, the slight motion and spreading of the bloom over the time (caused by wind, for
example) will also affect the retrieval output pattern.20
4 Conclusions
PhytoDOAS is a new method to retrieve the biomass of phytoplankton functional types
(PFTs) using hyper-spectral satellite data. This method is potentially an alternative to
retrieve total phytoplankton biomass from satellite data with higher accuracy by sum-
ming up all major PFTs’ chl-a, accounting for the total chl-a. However, to retrieve total25
phytoplankton biomass, major PFTs distribution should be first determined; hence, this






















and dinoflagellates) than the two PFTs identified before by Bracher et al. (2009),
i.e., diatoms and cyanobacteria. The main challenge to fulfill the improvement of
PhytoDOAS is to overcome the spectral correlation between absorption spectra of tar-
get PFTs, which arises from their common pigments. Two approaches have been used
in this study to overcome the correlation effects: (1) Fourth-derivative analysis for the5
recognition of tiny spectral differences between PFTs’ spectral, leading to an extended
fit-window for retrieving selected PFTs; (2) simultaneous fit of several PFTs in each
PhytoDOAS retrieval process, which in practice was applied to three PFTs, including
coccolithophores, diatoms and dinoflagellates. Using these approaches, first attempts
have been done to obtain global distributions of coccolithophores and dinoflagellates,10
for which the sample results obtained from SCIAMACHY data in year 2005 were shown
as monthly-mean chl-a maps. The seasonal averages of coccolithophore chl-a re-
trieved from the improved PhytoDOAS for spring and winter 2005 have been compared
with the MODIS-Aqua Particulate Inorganic Carbon (PIC) global distributions and also
with the NOBM assimilated product of coccolithophores. The seasonal patterns of the15
PhytoDOAS coccolithophores showed (almost overall) very good agreement with the
PIC distributions, whereas the agreement with modeled data was good only region-
ally (especially in the northern latitudes). As an example of diatom retrieval by the
improved PhytoDOAS, the seasonal average of diatom chl-a for summer 2005 was
shown, indicating a very good agreement with the respecting result of NOBM modeled20
data. Unfortunately, no data source for globla distribution of dinoflagellates was found
to be used for comparing the PhytoDOAS dinoflagellates with. As a case study, the
PhytoDOAS triple-target approach has been applied to detect a coccolithophore bloom
reported by NASA in December 2009. Comparisons with NASA RGB image and also
with the MODIS-Aqua PIC result over the bloom region confirm strongly the functional-25
























There are further steps to proceed the improvement of PhytoDOAS as well as to
expand its applications, which can be classified as follows: the retrieval quality of
PhytoDOAS has to be improved by doing further tests with current PFT targets fol-
lowed by introducing more PFT reference spectra into the retrieval. The globla disri-5
bution of dinoflagellates retrieved by PhytoDOAS must be compared with an appropri-
ate data set of this taxonomic group. The PhytoDOAS method will be applied to the
whole available SCIAMACHY data (2002–2010) and will be validated with the collo-
cated HPLC-based in-situ PFT data. Since absorption spectra of PFTs and also of
specific species show some spatial variability over the global ocean (Bricaud et al.,10
1995), one of the main future tasks is to obtain and represent PhytoDOAS retrievals on
a regional basis. Doing this task demands applying PhytoDOAS separately on different
oceanic biogeochemical provinces (e.g., based on Longhurst, 1998), for each of which
the input phytoplankton absorption spectra must be extracted before from the in-situ
measurements in that province. Furthermore, a climatology on the PFT distribution15
can be developed based on the PhytoDOAS SCIAMACHY results. The resulting data
set will be useful to various marine biogeochemical and ecosystem studies and models,
as well as being a potential basis for a specific phytoplankton absorption climatology
based on the global spatially and temporally resolved PFT distribution. This can be
applied to improve the common ocean color chl-a retrievals. It could also help improve20
global estimates of biogenic gas emissions resulting from oceanic phytoplankton, e.g.,
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Fig. 1. This figure shows how a given absorption cross-section (here for NO2) is split into
slowly-varying and rapidly-varying (or differential) components. Differential absorption cross-
section (blue) of NO2 has been derived by subtracting a fitted polynomial (green) from the
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Fig. 2. Upper panel: specific absorption spectra of E. huxleyi (green), dinoflagellates (red)
and diatoms (blue). The first two spectra were obtained from cultures using a point-source
integrating-cavity absorption meter. The latter spectrum was taken from Bracher et al. (2009).
Lower panel: differential absorption spectra of three phytoplankton targets. Each of them was
derived by subtracting a second order polynomial from the corresponding specific absorption






















Fig. 3. Global fit-factor maps [mgm−2] for E. huxleyi in March 2005, obtained by single-target fit
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Fig. 4. Fourth derivative curves of the specific absorption spectra of the three PFTs shown in























Fig. 5. The improvement to PhytoDOAS was performed by simultaneous fit of the absorption
spectra of selected phytoplankton targets in an appropriate wavelength window. This figure
compares the overall residuals of the PhytoDOAS retrievals in three different fit-modes: without
any PFT target (blue), only with the diatoms abs. spectrum (red) and with the abs. spectra
of three selected PFTs (green). All three residual spectra have been obtained via consecu-
tive runs of DOAS for the same SCIAMACHY orbit, passing over North Atlantic (1.07.2005).
A sample ground-pixel of this orbit has been taken to plot the residuals, which corresponds to






















Fig. 6. Global distribution of chl-a [mgm−3] for E. huxleyi (upper panel) and dinoflagellates
(lower panel), retrieved via PhytoDOAS method in the triple-target mode from SCIAMACHY






















Fig. 7. Global distribution of chl-a [mgm−3] for E. huxleyi (upper panel) and dinoflagellates
(lower panel), retrieved via the PhytoDOAS method in the triple-target mode from SCIAMACHY






















Fig. 8. Comparison of the PhytoDOAS retrieved coccoloithophore chl-a [mgm−3] (upper panel)
with the NOBM modeled coccolithophore chl-a (middle panel), and the global distribution of
MODIS-Aqua PIC [molCaCO3m























Fig. 9. Comparison of the PhytoDOAS retrieved coccoloithophore chl-a [mgm−3] (upper
panel) with the NOBM modeled coccolithophore chl-a (middle panel), and the global dis-
tribution of MODIS-Aqua PIC [molCaCO3m























Fig. 10. Comparison of the PhytoDOAS retrieved chl-a of diatoms [mgm−3] (upper panel) with























Fig. 11. A case study of phytoplankton bloom detection by PhytoDOAS: the upper panel is
a true-color image of MODIS sensor (reported by NASA on 23 December 2009) showing a coc-
colithophore bloom near Chatham island, on the eastern side of New Zealand. The middle
panel depicts the PhytoDOAS retrieval of the coccolithophore chl-a for the same region over
a period of two weeks (centered at 23 December 2009). The lower panel illustrates the distri-
bution of MODIS-Aqua PIC for the bloom region as a 8-date composite (19 to 26 December
2009).
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